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Ø  Introduc>on	
Ø  The	Planck	Mission:	highlights	of	results	
Ø  The	quest	for	the	B-mode	of	polariza>on	
Outline	
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The	CMB	 is	a	homogenous	and	isotropic	
radia4on	 	 that	 has	 travelled	 to	 us	 from	
the	 last	 scaSering	 surface	 since	 the	
universe	 was	 380,000	 years-old,	 with	
very	 liSle	 changes	 or	 interac>ons	
(besides	its	cooling	or	redshiU	due	to	the	
expansion	 of	 the	 universe).	 It	 has	 a	
blackbody	spectrum	with	T0=2.725K	
	
The	Cosmic	Microwave	Background	(CMB)	
The	CMB	presents	small	anisotropies	at	
the	 level	 of	 ~10-5,	 which	 encode	 a	
wealth	 of	 informa>on	 about	 the	 early	
Universe,	its	content	and	evolu>on.	
The	polariza>on	of	 the	CMB	provides	a	
unique	probe	of	infla>on.	
Its	 interac>on	 with	 the	 Large	 Scale	
Structure	 of	 the	 Universe	 in	 its	 way	 to	
us	also	provides	addi>onal	informa>on.	
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Ø  The	CMB	fluctua>ons	are	described	as	a	random	field	on	the	sphere.	
It	is	usually	wriSen	as	a	expansion	on	spherical	harmonics	
	
Ø  The	aℓm	are	complex	random	variables	of	zero	mean	that,	assuming	
isotropy	of	the	fluctua>ons,	sa>sfy	
Ø  The	Cℓ’s	cons>tue	the	angular	power	spectrum,	which	depends	on	
the	cosmological	model	
Ø  If	the	field	is	Gaussian,	all	the	sta>s>cal	informa>on	is	contained	on	
the	Cℓ’s		
The	key	observable:	the	angular	power	spectrum	
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CMB	temperature	power	spectrum		
Wayne	Hu	
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Dependence	of	CMB	power	spectrum	on	cosmological	
parameters	
Ø  Different	cosmological	parameters	affect	in	different	ways	to	the	shape	of	
the	CMB	power	spectrum		
Ø  By	ficng	the	observed	Cℓ´s	to	theore>cal	predic>ons,	the	cosmological	
parameters	can	be	es>mated	
Curvature	 Spectral	index	 Reinoiza>on	
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Ø  CMB	is	par>ally	and	linearly	polarised	(polariza>on	produced	by	Thomson	
scaSering	in	the	Last	ScaSering	Surface)	
Ø  Linear	 polarisa4on	 is	 defined	 locally,	 in	 terms	 of	 the	 so-called	 Stokes	
parameters	Q	and	U	
Ø  Full-sky	polariza>on	maps	can	be	decomposed	 into	two	components,	 the	
E-modes	 and	 the	 B-modes,	 (invariant	 under	 rota>on)	 and	 are	 related	 to	
the	Q	and	U	Stokes	parameters	by	a	non-local	transforma>on	
Ø  We	can	also	generate	auto-	and	cross-angular	spectra	for	polariza>on,	so	
we	have:	TT,	EE,	BB	and	TE	(EB	and	TB	are	expected	to	be	zero)	
Ø  Scalar	perturba>ons	produce	only	E-mode	of	polariza>on	
Ø  Primordial	gravita>onal	waves	(predicted	by	infla>on)	produce	both	E	and	
B-mode	 polariza>on	à	 if	we	 detect	 primordial	 B	 polariza4on,	we	 have	
(indirect)	proof	of	primordial	gravita4onal	waves	!!	
Ø  Reioniza>on	and	CMB	lensing	can	also	introduce	B-mode	polariza>on	
CMB	polariza>on	
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Polariza>on	power	spectra	
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Reionization 
Gravitational 
Lensing 
Gravitational 
waves 
The	amplitude	of	the	primordial	B-mode	is	propor>onal	to	r,	the	
ra>o	of	the	scalar	to	tensor	amplitude	
Ø  CMB	photons	are	deflected	(typically	2-3	arcminutes)	on	their	way	to	us	by	the	
poten>als	of	the	large-scale	structure	
Ø  It	produces	a	smearing	effect	of	the	acous>c	peaks	of	the	TT	power	spectrum	and	
transforms	a	frac>on	of	E-mode	polariza>on	into	B-mode	at	small	scales	
Ø  It	allows	to	break	some	degeneracies	between	cosmological	parameters	from	Planck	
data	alone	
Ø  Provides	a	consistency	check	between	the	model	inferred	at	low	and	high	redshiU	
CMB	lensing	
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CMB	lensing	
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CMB	lensing	
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The	microwave	sky	
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  b S                             +     n  =   d     + b F
Ø  The	observed	microwave	sky	is	a	combina>on	of	the	CMB	plus	other	astrophysical	
signals	(foregrounds)	along	the	line	of	sight	
Ø  The	CMB	and	the	foregrounds	have	a	different	frequency	dependence	a	Observe	
at	different	frequencies	in	order	to	separate	the	different	components	
Ø  The	main	contaminants	are	diffuse	emission	from	our	own	Galaxy	(synchrotron,	
free-free,	thermal	dust)	and	compact	emission	from	extragalac>c	sources	
Ø  ESA		satellite	launched	in	May	2009	to	measure	the	CMB	
temperature	and	polariza>on	over	the	full	sky	with	high	
sensi>vity	at	an	angular	resolu>on	~5	arcminutes	
Ø  	Two	instruments:	
§  LFI	:	observing	at	30,	44	and	70	GHz	(PI.	N.	Mandolesi)	
§  HFI:	observing		at	100,	143,	217,	353,	545	and	857	GHz												
(PI.	J.L.	Puget)	
Ø  Nominal	Mission	
§  2	full	sky	surveys	
Ø  Extended	mission	
§  5	sky	surveys	with	HFI		
§  8	sky	surveys	with	LFI	
Ø  End	of	opera>ons:	Oct.	2013	
The	Planck	Mission:	a	story	of	success	
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2010:	Planck	pre-launch	papers	
2011:	Planck	Early	papers	
2012	-	2018	:	Planck	intermediate	
results	
2013	:	Planck	2013	results	
2015:	Planck	2015	results	
2018:	Planck	2018	results	
13	publica>ons	describing	the	technical	capabili>es	of	Planck’s	
instruments	
27	publica>ons	coming	with	the	1st	delivered	product:	The	Early	
Release	Compact	Source	Catalogue		
54	publica>ons	mainly	on	galac>c	and	extragalac>c	
astrophysics	
32	publica>ons	on	cosmology	science	from	CMB	
temperature	data.	Maps,	Cl’s	and	likelihoods	delivered	
28	publica>ons	mainly	on	cosmology	science	from	
CMB	temperature	and	polariza>on	data	(full	
mission).	Update	of	the	delivered	products,	
including	polariza>on.	
12	papers.	Legacy	products	and	final	results	
Planck	publica>ons	and	products	
Planck	papers		and	products	can	be	found	at	the	PLA:					hSp://pla.esac.esa.int/pla/	
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The	sky	as	seen	by	Planck:	intensity	
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30 GHz 44 GHz 70 GHz
100 GHz 143 GHz 217 GHz
353 GHz 545 GHz 857 GHz
Planck	2018	Results	I	
The	sky	as	seen	by	Planck:	polariza>on	
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Planck	2018	Results	I	
Planck	CMB	temperature	(inpainted)	
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Planck	2018	Results	I	
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Planck	CMB	polariza>on	
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Planck	2018	Results	I	
Power	spectra	
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TT	spectrum	
TE	spectrum	
EE	spectrum	
φφ spectrum 
Excellent	agreement	with	the	spa>ally-flat	six-parameter	ΛCDM	model!	
18	acous>c	peaks	
mapped	in	TT,	TE	
and	EE	
CV	limited	up	to	ℓ ~1800	
Planck	2018	Results	I	
Baseline	ΛCDM	results	from	Planck	
	Temperature	+	Polariza>on	+	CMB	Lensing	
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Mean	 σ	 [%]	
Ωbh2	Baryon	density	 0.02237	 0.00015	 0.7	
Ωch2	DM	density	
	
0.1200	 0.0012	 1	
100θ	Acous>c	scale	 1.04092	 0.00031	 0.03	
τ	Reioniza>on	op>cal	
depth	
0.0544	 0.0073	 13	
ln(1010As)	Power	
spectrum	amplitude	
3.044	 0.014	 0.7	
ns	Scalar	spectral	index	 0.9649	 0.0042	 0.4	
H0	Hubble	parameter	 67.36	 0.54	 0.8	
Ωm	maSer	density	 0.3153	 0.0073	 2.3	
σ8	maSer	perturba>on	
amplitude	
0.8111	 0.0060	 0.7	
zre		 7.68	 0.79	 10.2	
Robust	against	changes	of	likelihood	at	<	0.5σ	
Many	parameters	
determined	at	sub-
percent	level	!	
	
τ	lower	and	>ghter	
determina>on	due	
to	use	of	HFI	pol.	
data	at	large	scales	
(τ=0.067±0.022	in	
2015)	
	
ns	is	8σ	away	from	
scale	invariance	
	
Best	(indirect)	
determina>on	of	
the	Hubble	
constant	up	to	date		
Planck	2018	Results	VI	
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Good	agreement	with	
other	other	CMB	data	
sets	
	
Dashed	line	corresponds	
to	the	Planck	best	fit	
ΛCDM	model	
The	linear	maSer	power	spectrum	(at	z=0)		
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Cosmic	concordance:	data	spanning	14	Gyr	in	>me	and	3	decades	in	scale	
Good	consistency	with	other	cosmological	probes	
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Ø  There	is	a	strong	tension	with	direct	measurements	of	the	expansion		
rate	of	the	universe	H0	using	SNIa.	
	H0=67.36±0.54	km/s/Mpc	Planck	ΛCDM	
	H0=73.5±1.6						km/s/Mpc	PSH0ES	(Riess	et	al.	18)	
Ø  Other	measurements	of	H0:	
	Inverse	distance	ladder:	
	H0=67.9±1.3			km/s/Mpc	galBAO+(BBN+deuterium)+CMB	lensing		
	 	 	 	 	 	 	 	(or	LyαBAO	or	DES	lensing)	
	Time	delay	muliple-imaged	quasars	
	H0=72.5+2.1-2.3	km/s/Mpc	H0LiCOW	(Birrer	et	al.	2018)	
Ø  None	of	the	studied	extended	models	convincingly	solves	the	tension		
Ø  Unaccounted	systema>cs?	New	physics?	
Ø  Other	mild	tensions	(e.g.	BOSS-Lyα,	joint	DES	yrs1	results,	extra	lensing		
preferred	by	TT)	but	at	a	lower	level	
But…	
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Talks	by	P.	Lemos,		
E.	di	Valen>no	
3.6σ tension	
Infla>on	scorecard	
And	a	background	of	primordial	gravita>onal	waves…	not	detected	yet	
	
	 Planck	2018	Results.	I		
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Predic4on	 Measurement	
A	spa>ally	flat	Universe,	 Ωk=0.0007	±	0.0019	
with	a	nearly	scale-invariant	(red)	
spectrum	of	density	perturba>ons,	
ns	=	0.967	±	0.004	
which	is	almost	a	power	law,	 dn/dlnk	=	-0.0042	±	0.0067	
dominated	by	scalar	perturba>ons,	 r0.002	<	0.056	(95%	CL)	
which	are	Gaussian	 fNL	=	2.5	±	5.7	
and	adiaba>c,	 α-1	=	0.00013	±	0.00037	
with	negligible	topological	defects	 f	<	0.01	
ΛCDM	Extensions:	curvature	
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Ø Ωk<1	can	provide	larger	lensing	
amplitude,	thus	preferred	by	
CMB	spectra	
Ø When	adding	CMB	lensing	
reconstruc>on,	less	preference	
for	devia>ons,	further	>ghtened	
by	BAO.	
ΛCDM	Extensions:	neutrinos	masses	
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Material	from	S.	Galli	
Ø  Planck	has	shown	that	the	CMB	fluctua>ons	(in	T	and	P)	are,	overall,	in	
good	agreement	with	the	Gaussian	proper>es	and	Isotropy	expected	
from	the	standard	cosmological	model	
Ø  Large	scale	anomalies	(at	~2-3σ)	in	T	have	been	confirmed	with	Planck	
data	(deficit	of	power	in	large	scales,	hemispherical	power	asymmetry,	
point-parity	asymmetry,	a	large	cold	spot	in	the	southern	hemisphere...)	
Ø  Analyses	of	polariza>on	data	have	not	shown	convincing	detec>on	of	
anomalies	related	to	T.	However,	the	Planck	sensi>vity	in	P	is	too	low	to	
shed	light	on	the	origin	of	these	features	à	a	new	CMB	polariza>on	
satellite	is	required	
Ø  Interes>ngly,	there	is	a	hint	of	power	asymmetry	in	polariza>on	with	
the	same	orienta>on	as	that	in	temperature,	although	not	at	a	
convincing	significance	
Ø  	If	the	anomalies	are	just	sta>s>cal	flukes	or	indica>ve	of	new	physics	
remain	to	be	solved	
Isotropy	and	sta>s>cs	
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Secondary	anisotropies	
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The	 already	men>oned	
l en s i ng	 po ten4a l ,	
which	 has	 been	 very	
important	 to	 constrain	
ΛCDM	(40σ detec>on)	
Planck Collaboration: The ISW e ect with Planck
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Fig. 17.Map of the recovered ISW anisotropies (left column) and the corresponding estimated error per pixel (right column) obtained
from the combination of the Planck SEVEM CMB map with: the NVSS survey (top), the Planck lensing map (middle), and both
tracers jointly (bottom). Units are in Kelvin.
the corresponding survey. For those data with partial sky cover-
age, their corresponding cross- and auto- spectra are replaced in
the filter by its masked version, i.e., correlations among di erent
multipoles in the power spectra are integrated with the MASTER
algorithm.
5.1.2. Results
We have applied the LCB filter to the Planck CMB temperature
map and to di erent combinations of the surveys described in
Section 2.2. Before applying the filter, the di erent data sets have
been masked using an apodized version of the masks shown in
Sect. 2. The apodization of the masks is performed to reduce the
spurious correlations introduced in the harmonic domain due to
incomplete sky coverage. To construct the covariance matrix, we
have made use of the models described in Sect. 2.3. The di erent
auto- and cross- spectra are then transformed to their masked
versions with couplings computed by the MASTER algorithm. As
in previous sections, when using the Kappa and WISE maps,
a cut in the lowest multipoles is imposed, meaning that these
surveys do not contribute to the recovered ISW signal for ⇥ < 8
(for Kappa) and for ⇥ < 9 (for WISE). For the CMB intensity
map, we consider the Planck SEVEM clean CMB map but similar
results are expected for the other component separation methods.
To study the contribution of each data set to the final ISW
map, we have applied the LCB filter to a total of seven di er-
20
Besides	the	directly	related	CMB	science,	Planck	has	provided	us	with	a	lot	of	
addi4onal	science:	
The	 ISW	 fluctua4ons,	 detected	 (at	
≈3σ)	 completely	 with	 Planck	 only	
data	 (CMB	 and	 lensing),	 providing	
complementary	 evidence	 of	 the	
accelerated	 expansion	 of	 the	
universe	 (with	 external	 tracers	 ≈4σ 
significance)	
Maps	of	CIB	and	thermal	SZ	
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A	map	of	 the	CIB,	 allowing,	also,	 for	a	beSer	determina>on	of	 the	 thermal	dust,	and	
offering	a	new	window	for	future	delensing	of	CMB	experiments	looking	for	primordial	
tensor	perturba>ons.	
CIB	at	857GHz,	1	degree	
A	map	of	diffuse	thermal	SZ,	which	is	an	complementary	cosmological	probe	
SZ,	Compton	parameter	
Galac>c	emissions	
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A	lot	of	detailed	informa>on	on	the	spa>al	varia>on	of	Galac>c	emissions	(e.g.,	
synchrotron,	dust),	both,	in	temperature	and	polariza>on,	as	well	as	of	the	galac>c	
magne>c	field.	This	is	crucial	informa>on	for	future	CMB	polariza>on	experiments.	
Thermal	dust	and	synchrotron	amplitudes	in	polariza>on	
Foreground maps for p larization 
R.B. Barreiro, COSPAR 2018, July 2018 
PCommd
3 300uKRJ at 353GHz
PComms
10 300µKRJ at 30GHz
Mean spectral index for polarized dust 
βd=1.55±0.05 
Mean spectral index for polarized 
synchrotron βs=-3.1±0.1 
The optimization of the data processing for polarization implied that single detector 
maps are not available in 2018 " this affects the ability of Commander to resolve 
individual foregrounds. Therefore, inten ity foreground products do not supersede the 
2015 results and have not been released for this method 
Pla ck	2018	Results.	IV		
Catalogues	
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Catalogues	of	extragalac>c	sources	(radio	and	infrared:	a	few	10000s)	and	clusters	of	
galaxies	(via	thermal	SZ:	>1000)	
Extragalac>c	sources	(30,	143	and	857GHz)	 Cluster	catalogue	via	tSZ	
The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada   
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The	roadmap	towards	the	B-mode	detec>on	
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Planck	2018	Results.	IV	
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The	detec>on	of	the	B-mode	is	extremely	challenging,	it	requires:	
•  High-sensi4vity	experiments	(very	weak	signal)	
•  High	resolu4on	(if	r	too	low	è	perform	delensing)	
•  Low	systema4cs	(many	systema>cs	can	produce	EèB	leakage)	
•  Large	frequency	coverage	(to	remove	foregrounds:	synchrotron	at	low	frequencies	and	
thermal	dust	at	high	frequencies	are	the	main	contaminants)	
Two	complementary	approaches:	ground-bases	versus	space	missions	
	
Errard	et	al.	2016	
Ground-based	experiments	
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“Moore’s Law” of CMB sensitivity
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Space based experiments
Stage−I − ≈ 100 detectors
Stage−II − ≈ 1,000 detectors
Stage−III − ≈ 10,000 detectors
Stage−IV − ≈ 100,000 detectors
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from 2013 Snowmass documents
But need more than detectors…
South	Pole		 Atacama	
Ø  CMB	Stage-4:	led	by	US	with	small	contribu>ons	from	Europe	
	Two	main	sites:	Atacama	(Chile),	South	Pole	
Ø  QUBIC:	Q	&	U	bolometric	interferometer	for	cosmology	(led	by	Europe)	
•  First	bolometric	interferometer	
•  Alto	Chorrillos	site,	Argen>na;	first	tests	in	2019	
•  First	module	aiming	at	σ(r)=0.01		
σ(r)~0.003	
σ(r)~0.0005	
Fig.	from	J.	Carlstrom	
Ground-based	experiments:	Tenerife	site	
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The	QUIJOTE	Experiment	
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Ø  Site:	Teide	Observatory	(al>tude	2400	m,	28.3º	N,	16.5	W)	
Ø  Frequencies:	11,	13,	17,	19,	30	and	40	GHz.	
Ø  Angular	resolu4on:	0.92º	to	0.26º	
Ø  Sky	coverage:		-32º	<	Dec.	<	88º	(fsky=0.65).	
Ø  Observing	strategy:		Deep	observa>ons	in	selected	areas	plus	wide	survey	
Wide%survey%with%th %QUIJOTE%MFI%(10020%GHz)%
QUIJOTE%I%11GHz% QUIJOTE%Q%11GHz% QUIJOTE%U%11GHz%
QUIJOTE%I%13GHz% QUIJOTE%Q%13GHz% QUIJOTE%U%13GHz%
PRELIMINARY%MAPS%
QUIJOTE%I%17GHz% QUIJOTE%Q%17GHz% QUIJOTE%U%17GHz%
QUIJOTE%I%19GHz% QUIJOTE%Q%19GHz% QUIJOTE%U%19GHz%
(Note:#Q,#U#defined#in#Galac4c#coords.)##
Preliminary	maps	from	QUIJOTE	at	13	GHz,	wide	survey	
à	See	talk	by	Federica	Guidi	on	Wednesday	
European	coordina>on	
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Fig.	from	E.	Komatsu	
Three	different	European	ini>a>ves:	
•  SAT	at	Simons	Observatory	(UK)	
•  LAT	at	South	Pole	(Germany)	
•  Low	Frequency	10-120	GHz	
(Spain,	Italy,	UK)à	ELFS	
Convergence	process	by	2027:	
•  High	frequency	
•  Low	frequency	
Sketch by Eiichiro Komatsu
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Ø  Full-sky,	ground-based	
§  Two	sites:	Tenerife,	Atacama?	
§  Two	6-meter	class	telescopes	
Ø  Low	frequencies:	synchrotron	dominated	range	
§  10-40	GHz	(radiometers):	essen>al	complement	to	CMB-
S4	and	satellites	
§  75-120	GHz	(KIDs	arrays):	no	other	high-frequency,	high-
resolu>on	experiment	in	the	north	
Ø  Resolu>on	≈20	arcmin	
Preliminary	studies	indicate	that	is	possible	to	detect	r≈10-3	
with	this	strategy	à	talk	by	E.	de	la	Hoz		
ELFS:	European	Low	Frequency	Survey	
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Why	to	observe	from	space?										
It	provides	an	ideal	environment:	
Ø  No	uncertain>es	from	
atmosphere	
Ø  No	limita>on	in	the	choice	of	
observing	bands	(except	CO)	
Ø  No	ground	pick-up	
Ø  Only	way	to	access	lowest	
mul>poles	
	
Space	missions	
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Fig.	from	M.	Hazumi	
Rule	of	thumb:	100	detectors	in	space	~100.000	detectors	on	ground		
Different	proposals	for	the	next	CMB	satellite:	CORE	(ESA,	not	selected),	
PICO	(NASA	funded	study),	LiteBIRD	(JAXA),	CMB-Bharat	(ISRO)	
LiteBIRD	
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Ø  LiteBIRD	is	a	JAXA	proposal	(PI:	Masashi	Hazumi)	
for	an	L-class	mission,	with	contribu>ons	from	US,	
Canada	and	Europe	(including	Spain)	
Ø  On	21st	May,	JAXA	selected	LiteBIRD	è	launch	
expected	in	2027.	
Ø  It	will	observe	in	L2	for	3	years.	
Ø  15	bands	(34-448	GHz)	
Ø  Sensi>vity	<	3	µK	arcmin	
Ø  Resolu>on	70	~	10	arcmin	
Full	Success：	
σ(r)	<	1	x	10-3		(for	r=0)	
2	≤ ℓ ≤ 200	
Extra	Success：	
Improve	σ(r)	with	external	data:	
delensing	and	addi>onal	
foreground	cleaning	(from	low	
frequencies)	
	LiteBIRD	will	also	provide	E-mode	
maps	limited	by	cosmic	variance	
at	scales	<	1	degree.	
Ø  Planck	has	shown	that	the	base-ΛCDM	model	fits	all	CMB	data	
(temperature,	polariza>on,	lensing)	plus	many	other	cosmological	
probes.	Many	cosmological	parameters	determined	at	per	cent	level.	
Ø  Density	fluctua>ons	consistent	with	predic>ons	from	infla>on.	No	
primordial	gravita>onal	waves	detected	yet.	
Ø  However,	a	strong	tension	(3.6σ)	with	direct	measurements	of	H0	
remains.		
Ø  Origin	of	CMB	anomalies	not	clear	yet.	
Ø  Next	challenge:	improve	polariza>on	measurements	and	the	quest	of	
the	intrinsic	B-mode	of	polariza>on.	
Ø  Also	much	to	learn	from	secondary	anisotropies	(lensing,	SZ)	and	
foregrounds.	
Ø  Exci>ng	results	to	come	in	the	next	years…	
	
Conclusions	
VII	Mee>ng	on	Fundamental	Cosmology,	Madrid,	9th-11th	September	2019	
